Abstract: This paper sets out to capture the recent discussions on maintenance 'best practice' for artificial turf surfaces and some related research. The information presented comes partly from a seminar in 2009, providing a mix of quantitative and qualitative information and opinions from a range of contributors both academic and industrial organized by the research network SportSURF (based at Loughborough University), and is supplemented with a case study of practices at Loughborough University on three different outdoor synthetic surfaces. The best practice information is further enhanced with recent research findings from a study investigating damage to artificial carpet fibres caused by power brushing.
INTRODUCTION
Maintenance of artificial (also termed synthetic) turf surfaces has for some time been underresourced, although it has been the topic of much discussion within the industry in recent years and the importance is increasingly emphasized in national and international governing body and industry guidance documents [1, 2] . However, controlled experimental studies into the effectiveness of maintenance and development of understanding of the decline in performance of artificial turf systems are currently few and far between in the available literature, thus the current guidance is mainly experience based and anecdotal. Capturing this experience and validating it are a challenge, however. In addition, the somewhat generic guidance is less relevant to the recent developments in yarn technology and there exists little specific guidance from the yarn or carpet manufacturers. One valuable exception to this dearth of quantitative research is a recent four-year research project, primarily investigating sand-filled systems (often termed 'second generation'), within the sport surfaces group at Cranfield University [3] .
A seminar, in March 2009, organized through the SportSURF research network [4] , brought together parties to share knowledge and understanding of maintenance 'best practice' to help provide some form of benchmarking, and included presentations from researchers and practitioners. The key outcomes of the seminar are highlighted in the later section of this paper (section 2.2), 'What maintenance and when?' It was made very clear at the seminar, from all contributors that 'know your surface' should be a key axiom of all facility managers/ groundsmen to allow them to manage their valuable asset most effectively. In addition, it is also clear that a strong message needs to be reinforced again and again to purchasers and owners that artificial turf surfaces are not low maintenance.
In addition to the collection of industry opinion, Loughborough University has been carrying out research within its sport surface research group, including a recent laboratory experimental study which investigated the 'damage' caused to a selection of new synthetic fibre carpets by repeated power brushing, presented in section 3. These studies are presented and explored further in the section 'Recent research studies'.
The aim of this paper is to capture the current knowledge and recent discussions on maintenance best practice, enhanced where appropriate with recent investigations, and consider future knowledge needs.
MAINTENANCE EXPERIENCE

How much does/should maintenance cost?
It is clear that the consensus is that artificial pitch systems are expected to require lower maintenance than natural turf, but are not maintenance free and that minimal maintenance is not acceptable. The limited number of scientific studies [3, 5] and also recent presentations by practitioners [6] support the general information in the guidance and codes of practice available on maintenance [1, 2] . A review of the costs attributed to maintenance and comparison of artificial turf to natural turf (see Table 1 , from reference [7] ) shows clearly that, while the total cost of resources required per annum may be similar between artificial and natural turf systems, an artificial turf pitch may be expected to be utilized up to ten times more than a natural turf system per annum. As a consequence, it is the 'costs per hour of use' that provides a better measure to show the distinction between relative costs that need to be met, especially if one considers the economic models for revenue stream from the sport surface in terms of hire rate per hour.
To further compare the 'real' costs of artificial turf pitch systems to natural turf, the 'whole-life' costs of construction and maintenance need to be collated and evaluated. One such example is set out in Table 2 , utilizing detailed data from the Loughborough University archive of pitch tenders, the university's facilities management database of ground-staff hours, materials utilized, and specialist sub-contracts such as monthly power-sweeping, etc. The expectation that typically the synthetic pitch will last 10 years is an assumption that clearly affects these total 'whole-life' costs, however. Experience suggests that products may last longer or shorter dependent primarily on intensity of use, initial quality of materials and build quality, and the maintenance regime applied. In this particular investigation the intensity of use was estimated based upon booking records retrieved from the university's records. Casual play (without booking) cannot be included but may be expected to add to the actual hours of use as these facilities are not normally supervised.
This extra capacity of artificial systems can, in most cases, be used to bring in more income to help offset the initial capital and replacement costs by providing a suitable sinking fund and help make artificial turf a viable business solution for many clubs or facility operators. The figures here, and other cost-related information [1, 8] for income from the hire of the pitch facility alone, suggest that a good quality synthetic turf pitch could pay for itself in approximately 5-7 years. However, the cost of resurfacing, at the end of its useful life, is clearly a significant further investment.
In contrast to the above argument, however, the 'increased capacity' of an artificial pitch system can be exploited too much, it is argued, shortening the useful life (in years) of the system and leading to issues over customer satisfaction, and disputes over the installer/manufacturer warranty. It was suggested [8] that a weekly hours use totalling more than 60 is considered excessive, and may shorten a pitch's life to 5 years or less in comparison to a typical expected life of up to 9 years if used for around 40 hours per week or less. Despite the lack Note: These figures are from a review of public school facilities. In a presentation by Young [8] , reviewing industry reported spend on maintenance, his figures suggested a likely annual cost range of £2000-£6000 for synthetic turf pitches, and an annual cost of up to £20 000 for a natural turf pitch hosting soccer at a semi-professional level.
of quantitative data regarding 'life' expectancy, the system will of course 'wear' under the loading applied regardless of the initial state and maintenance applied, and that higher intensity use will lead to an acceleration of this wear. However, the key questions are 'what maintenance and when?', and 'is the maintenance working effectively?' It is apparent that if the pitch system is poorly maintained the rate of degradation and associated loss of performance will likely accelerate. The cost benefit and balance between effective maintenance and a pitch's longevity, while maintaining a suitable playing standard, has yet to be fully researched and demonstrated with objective data. However, reference [5] gives useful insight into the relation between increasing levels of contamination in the infill causing a worsening of key play performance properties (e.g. hardness and ball roll) and loss of surface water infiltration rate from a laboratory study. Furthermore, it is logical that any comprehensive maintenance research studies would ideally require: a large dataset of pitches representing the multitude of carpet products available; information on the quality of the raw materials used; some account of the consistency of workmanship quality at installation; and the environmental stresses endured. These elements are all expected to contribute to the longevity of performance and to provide a source of variability in any measured data that exacerbate the challenges for gathering and interpreting such data sets.
'What maintenance and when?'
In an interesting study 50 artificial turf fields in Holland are currently being monitored for their ongoing performance. No other similar study has been found after extensive literature searches. Data from these selected sites were presented [10] for the period 2001-2008, summarizing their use, maintenance frequency, and play performance-related test results. In general, the findings presented showed that the pitches had become: harder (average 10 per cent reduction in force reduction, a 19 per cent change); less compressible (5 mm reduction in deformation, a 45 per cent change); showed increased ball roll (increase of 3.5 m, a 35 per cent change); and also showed increased ball rebound (increase of 0.15 m, a 17 per cent change). Rotational traction, however, was measured to be similar over the period -perhaps surprisingly in light of the other data. These data support anecdotal observation that artificial fields can become harder through, it is usually stated, flattening of fibres and/or compaction of the infill. Comparing the lower performing fields to their usage and maintenance frequency was also reported [10] and showed a relationship such that higher intensity use and lower maintenance activity promoted larger changes in performance and more 'failures' (i.e. poorer performance) across a range of the play performance tests. These tests are the international governing body required tests carried out by an accredited specialist test house (for more details see reference [1] ). It was pointed out in the discussion regarding the data, however, that over this period of several years the performance limits in the standards for soccer had changed somewhat and the product designs had also changed to meet the new more stringent criteria (mainly through technical developments in yarn and infill technology). This data set also suggests that if the level of degradation can be predicted or estimated with some confidence then it appears sensible to ensure that the initial installed pitch design is optimized to further ensure that the expected rate of degradation will maintain safe levels of play for as long as possible before 'failing' the performance requirements set by the governing bodies.
Case study -Loughborough University artificial turf pitches
In a separate presentation, Fleming and Freeman [11] drew together information and evidence from the maintenance practices of the ground staff at Loughborough University regarding their artificial turf facilities. The data showed the evolution of best practice for three artificial turf systems: one a water-based hockey surface, and the other two were different designs of rubber infilled soccer (3G) systems (one a 61 mm long-pile and the other a 35 mm 'medium' length pile), see Table 1 for more details. The Loughborough pitches experience very high use, especially during term-time, and are used for a range of playing levels from elite (national level) teams down to student inter-hall competition and casual recreational use. The Loughborough ground staff depend on several feedback routes for planning and monitoring maintenance, and regular visual pitch inspections is a key tool carried out by senior staff. Inspections can be used to observe: play performance aspects, usually ball roll; any damage to seams; infill level evenness; infiltration and drainage problems from standing water; and observations of surface behaviour during drag or power brushing, such as fibre loss. If considered appropriate the staff can also carry out measurements on site such as carpet pile height to help monitor wear, infill depth to ensure levels are kept topped up, and the bounce height of a ball in a simple ad-hoc play-performance test. However, mainly owing to time limitations (and staff costs) rarely are the more detailed field measurements, other than ball bounce, carried out regularly across the surface.
In addition, feedback from the pitch users is often sought but rarely are consultants called in or test houses unless major issues arise (such as plans for refurbishment or issues with damage/wear on newer surfaces) owing to cost reasons primarily. Loughborough University has for many years subcontracted to a local company to provide specialist maintenance on a monthly programme for all of its pitches/surfaces, in addition to its own in-house generic maintenance practice programme as set out below.
1. Weekly -litter pick 2-3 times, visual inspection, and safety checks (nets and posts) 1-2 times. Simple drag mat or brush 1 or 2 times -utilizing different brushes for the different surfaces to even out the infill and lift the fibres (see Fig. 1 ). 2. Monthly -rotary (power) brush with vacuuming of the surface (external contractor). The very near surface is affected, penetration of 2-3 mm into the infill and loose fibre and detritus removed. 3. Annual -'revitalization'. A power brush which lifts and removes the top 5-10 mm of infill, separates out the contaminated material (silt and wear debris) and then replaces the 'cleaned' infill and tops this up to appropriate levels (specialist external contractor).
5 yearly (approx.) -'rejuvenation' is considered.
This comprises a method of deep infill removal and replacement. The process is relatively costly and usually the decision to rejuvenate is based on a pitch-specific cost-benefit basis.
In addition to the general maintenance schedule set out above, Table 3 gives the more detailed maintenance regime in place on a pitch-specific basis.
The flexi-comb system referred to in Table 3 comprises a set of long brush strands, and the height of strand (see Fig. 1(b) ) can be set to change the stiffness of the brush. This technique is used to 'fluff' the top of the carpet pile (i.e. lift the fibres to stand straighter) and infill (i.e. loosen it) regularly Table 3 ), now ten years old, is that the fibres have fully defibrillated into thin strands that do not stand up well on their own and are often seen to lay on the surface, and that a lot of fibre is seen in the debris after sweeping showing wear. The infill is kept well topped up specifically as there is no shockpad beneath the carpet. The 'zig zag' brush (see Fig. 1(a) ), used on the medium pile length pitch, is also towed behind a vehicle and is a technique used to provide an even fill level especially to improve the roll of hockey balls. The height of brushing and hence fill movement is set by the operator of the vehicle. The experience gained at Loughborough's pitches by the grounds staff is that the surface's 'playability' can be enhanced primarily by the choice of brush, the depth set for agitation of the infill (pitches 2 and 3), and to a lesser extent the speed of brushing (i.e. the tractor velocity).
General observations on maintenance practice
In general, a useful rule of thumb that emerged as a consensus from the seminar on maintenance best practice from practitioners (e.g. references [6] and [7] ), was that for every 10 hours of use there should be an expectation of one hour of maintenance.
The presentation by James [7] briefly summarized much of the work done by his team [3, 12] focussed on sand-based surface systems. The findings of one large study [3, 5] , carried out in the period [2003] [2004] [2005] [2006] [2007] [2008] , revealed that loss of play performance was due primarily to contamination of the sand infill reducing the infiltration capability of the system, combined with the effect of fibres laying over the top of the sand infill causing 'capping' (i.e. trapping the fill and reducing its mobility) and increasing pitch hardness. This is one of the few studies that appears to have been carried out aimed at exploring the 'science' of maintenance and the mechanisms by which the sport surface may be expected to degrade in performance and the effects of this on playability.
From the presentations and discussions at the maintenance-specific seminar [4] , and the presentations referred to from that seminar (see references [6] to [8] , [10] , and [11] ) there are many invaluable observations made by ground staff regarding degradation and wear. However, the terminology used by the sport surface industry practitioners to communicate their observations and opinions can vary and may not be clear to other parties. The terms used may include: 'infill locking' -meaning a more compact surface; 'compaction' of the rubber infill -usually associated with issues such as increased hardness and higher traction; and pile flattening -whereby the fibres do not recover into an upright position and lay over the infill. To enhance the observational skills and effectiveness of ground staff and specialist maintenance companies, it is apparent that some more 'tools' are required to measure these observed effects more objectively. This is particularly timely as sport governing bodies have now introduced the need for regular play performance testing to enable a pitch to maintain its licence for competition for hockey, rugby or association football (e.g. FIFA 2* system [1] whereby formal testing is at two yearly intervals and can only be carried out by approved commercial test houses). Some form of direct pitch assessment measure correlated to the standard testing would assist programming maintenance works between the periods of independent surface testing. Interim testing, done in-house by a groundsman or a maintenance company, may be suited to address any possible problems and avoid costly failures or disputes before the formal accreditation testing.
Monitoring the surface's change in performance would constitute valuable research for input back into system design for durability. Further scientific study concerning the behaviour of pitch materials is needed, however, and then the transfer of this knowledge through applied research to enhance maintenance practice.
SURFACE WEAR FROM BRUSHING
The study presented is included to help inform the debate on maintenance and demonstrate recent applied research. The study was aimed at evaluating the potential damage caused to the sport surface by power brushing, a common practice to remove (near-surface) contamination, loosen infill, and help recover fibres into an upright position.
Study design
In some cases it has been anecdotally reported that 'too much maintenance' can actually damage the fibres and shorten the life of the synthetic carpet in an artificial turf surface system. This 'issue' is typical of the sort of claim and counterclaim made by parties in the artificial turf business, and the lack of objective good quality data has limited the potential for the industry to progress in developing its guidance. At the request of a Leicestershire-based sport surface maintenance company, Technical Surfaces Ltd, a programme of work was undertaken in the Sports Technology Institute at Loughborough to evaluate the possible 'damage' caused by power brushing. Power brushes are mounted within a dedicated maintenance vehicle and can interchange the brushes, can vary the brushing depth (or 'float' on a spring load) and traverse the surface at a rate controlled by the driver, typically around 5 miles per hour (mph).
To investigate the wear caused by brushing, field trials with the real machines were considered but it was decided that this would be fraught with issues over adequate control of the surface and environment. It was therefore decided early on to develop a laboratory-based experimental research programme. This required a suitable method to replicate the power brushing technique in a controlled laboratory environment and applicable to a range of brushes, and to develop a suitable method to measure the wear/damage caused by the cycles of brush application on a range of carpet systems.
The project objectives and associated details are outlined below.
Develop a suitable laboratory method to brush
the sport surface. A motorized unit was required to fix the brush (using the actual ones used in practice) to spin on a mechanical system capable of repeatedly tracking up and down a suitable size surface sample. The specific requirements were to achieve a balanced rotational speed of up to 3000 revolutions per minute (r/min), with variable speed control, be able to mount a brush of size up to 450 mm wide/long and 600 mm in diameter, and provide a ground speed of up to 5 mph (approximately 2 metres per second), with a controllable depth of brushing. The Fanuc robot arm in the Sports Technology Institute laboratory at Loughborough was utilized to mount the bespoke brushing motor and provide the position and speed control (see Fig. 2 No replicates were carried out in the short study reported here, owing at the time to time and resource issues. 3. Provide accelerated brush wear through an appropriate number of cycles, ground speed, rotational speed, and brush penetration depth setting. A cycle was set as a return traverse across the carpet sample with a set brush rotation speed (see Table 4 ), ground travel speed of 2 m/s, and either 2 mm or 7 mm depth of brush penetration into the infill (see Table 1 ). The number of cycles used was set as 0, 10, 50, 150, 250, 500, and 1000 to approximate a 'life' of 20 years for the two brush types used weekly in practice, and rotated at 904 r/min. For the deeper (and stiffer) brush used annually (termed 'revitalization' by the company) each annual visit may traverse the pitch up to 18 times (i.e. nine returns) and so the number of cycles was set as 0, 9, 18, 36, 72, 135, and 180, this maximum also representing approximately 20 years of brushing, and was run at 704 r/min. The brushes are supplied for specific machinery and, although they are a standard fitting and bristle length, no standard appears to exist for brush stiffness. However the 'soft' brush bristles appear to be natural bristles similar to a yard brush made of Bassine. The stiffer brush bristles consist of polypropylene. The bristle width has been measured as approximately 2 mm wide for the 'soft' and 'hard' brushes, and 3 mm wide for the tougher 'deep' brush system (see Table 4 ). 4. Measure observable wear/fibre damage induced to the fibres, at the interval of cycles. To aid the visual assessment of fibre damage a simple fourquadrant frame was utilized (see Fig. 3 ) to separate specific areas to help the observer to count visually the number of fibres that became damaged. Each quadrant was analysed at each interval, and the total of the four quadrants used. Damage was characterized in this study as bent over (bends), fractured off or broken across the fibre (breaks), or split lengthways down the fibre (splits). The infill was observed to move during brushing, as was expected, and at the inspection intervals the infill was returned to the sample to 'top up' the level similar to help further simulate the real field maintenance process of brushing and topping up infill. Note: Brushing with the soft/hard brushes was set at 2 mm penetration depth into the infill, simulating the weekly power brushing. The deep brushing (with the stiffer and thicker bristle brush) was set at 7 mm penetration depth, simulating the annual deep clean. Hard brush -24mm Fig. 4 A graph showing the relationship between the frequency of (visual) damage to fibres and the number of brushing cycles to simulate an approximate 20 year accelerated life, for each surface type (by fibre length) and the two standard stiffness brushes verification by a second observer during preliminary trials. However, although considered, an automated process of capturing images and counting damaged fibres was not considered warranted and some small error in estimating total numbers observed was deemed acceptableespecially after the initial trials showed the numbers of damaged fibres to be low and that these numbers represented such a small proportion of the total number of fibres. The project took approximately eight weeks to complete, including the design and fabrication of the robot attachments and special brush head.
Results
The findings of the measurements are summarized in Table 4 . The accumulation of 'wear' was observed to be gradual and Figs 4 and 5 show the accumulation of damage with the number of brush cycles. The damage has been expressed as the sum of splits and breaks observed; bends are also reported, but their measurement is considered much more subjective and more prone to operator error. Variation was found between the four quadrants that made up the total. However, this is not reported herein; the nominal length of the bristles was not rigorously checked such that some depth variability may be one cause of the variation. If repeat testing had been carried out greater confidence could be placed upon both the total damage results and also the rate of accumulation of damage.
A key element of the methodology, to ensure validity of the data, was to set the brush penetration into the infill accurately and ensure that this was carefully controlled across the whole sample length. This was a challenge initially, and included careful measurement of the floor planarity (surprisingly it had a lengthways absolute level difference of approximately 2 mm over the 1 m length of carpet sample). The Fanuc robot arm is programmed spatially to move to specific reference points, and thus the relative height difference could be allowed for. Furthermore, the 'brush depth' was set very carefully to ensure infill penetration and was an initial challenge. This depth setting procedure was eventually finalized as: lay a flat thin metal board on the carpet surface, which provided some compression of the carpet fibres and rested upon the infill; move the robot arm to set the brush tips to just touch the metal board surface -a piece of paper was added and the motor spun to show the paper was effectively just flicked off the board surface. The thickness of board and the desired 'infill penetration depth' were then subtracted from the vertical elevation of the robot arm end, and the floor planarity also taken into account.
The length of carpet fibre affected by the brushing was greater than the 'penetration depth' of the brush into the infill by several millimetres. Observations during testing confirmed the effectiveness of this approach, with infill being brushed out in significant volumes, estimated as 1-3 kg for the shallower brushing and up to 6 kg for the deeper brushing. A brush guard was mounted to reduce the scatter of infill and collect it to be returned to the surface. It is perhaps interesting also to note that robots of this sort have stringent safety features, and in this case a laser curtain around a fixed safety wall perimeter. During testing even a single piece of ejected sand could trigger the safety system and shut down the robot. The brush guard became a very important piece of the equipment for this reason also.
Discussion of 'wear' results
The brush test results showed specific types of damage to fibres from these controlled tests, such as splits and breaks, but little damage in the way of fibre loss or loss of serviceability (i.e. bending flat). Considering the large number of brush cycles applied, and the stiffness of the brushes, the findings showed that very little damage occurred, in the form of breaks or splits to fibres, when the data are considered as a proportion of the total number of fibres exposed to the brush. More damage was anticipated, considering the stiff nature of the brush fibres and their ragged cut ends, especially for the severest brush penetrating deeper into the infill (7 mm). This perhaps highlights the benefit of the 'soft' polyethylene fibres that, it appears from this work, bend and then recover repeatedly without obvious damage or loss of resilience. It would be interesting to contrast this behaviour with tests on the older-generation nylon artificial carpet products, however.
These findings support similar work done by McLeod [3] , wherein he reported a change in surface appearance of fibres from a brush wear study using a bespoke rig, whereby the sample moved on a tray beneath a rotating brush. He used optical microscopy techniques to measure wear. His testing was on a sand-filled system very similar to that utilized here, with 30 kg/m 2 infill rate in a 24 mm multi-turf polypropylene carpet. The brush was also similar at 2 mm diameter polypropylene bristles. However, in that study the depth of penetration was set at 10 mm, the spin rate was 160 r/min, and the total number of cycles was 500. McLeod concluded that some visual damage was observed in terms of fibres splitting right at their ends caused by the combined effect of sand and brush. He also expressed the 'wear' seen in terms of the change in the surface texture of the fibres, such as pitting. Interestingly he compared unfilled with filled fibre wear and demonstrated that the sand infill acted as an abrasive agent and caused accelerated 'damage' to the fibres, as may have been expected.
Figures 4 and 5 demonstrate that the 'damage' observed does increase but in general at a diminishing rate after approximately 250 cycles. In addition, it is interesting to note that if ranking the different fibres with regard to resistance to damage (expressed as number of fibres only) this order changes with brush type. Figure 4 suggests that for the longer 65 mm monofilament fibre the increase in damage from increasing the brush stiffness is small relative to the increase in damage to the 18 mm and 24 mm fibre products. The 65 mm long pile product has recycled rubber chips in the upper fill, which are thought to be less abrasive than the sand particles. However, for the more severe and deeper brushing a similar pattern of two zones of damage rate is apparent but in contrast the 65 mm fibre product ranks in between the other two products. When the damage is expressed as a percentage, however, the proportion of fibres as a whole is very small. It should be noted that repeat testing would provide further support to these observed patterns of wear behaviour, and further enhance their interpretation.
In these tests, however, the brush was set at a fixed height. In reality the brushes may be set on springs to 'float' over the surface such that the force applied is more constant but the depth of penetration less well controlled. Deeper brushing may cause more damage as more fibre is exposed to bristle contact and also from the abrasion of the infill, as concluded from McLeod's study on sandfilled surfaces [3] .
The fibre damage observed, termed 'splits' or 'breaks' (see Fig. 6 for examples of these) in this study does not then render the fibres redundant in the system however. Depending on where the split or break occurs, and this was mostly observed at approximately the depth of the brush tip, these fibres can still provide some stability and interact with the infill. As no performance-related testing was possible no further comment can be made on changes in performance caused by fibre damage observed, but it is clear from the very small proportion of fibres that were observed to be damaged that the power brushing alone would not be expected adversely to affect the system performance for either player-surface or ball-surface interaction. However, broken fibre material will add to the 'contamination' that can clog the infill and reduce the porosity leading to problems once this matter reaches a significant proportion in terms of volume (adding to abraded particles from infill, footwear and equipment, litter, soil, and plant matter) [5] . The three carpet systems and fibre types evaluated here represent a reasonable range of the systems in use for hockey, multi-play, and soccer. However, there are many variations that are introduced into manufactured carpet systems that may affect the resistance to damage in a study such as this, or in reality. These variations include aspects of fibre composition and manufacturing processes, efficacy of securing tufts into the carpet backing, fibre profile, fibre length exposed above the infill, the nature of the infill (especially abrasiveness it is suggested), and the many factors associated with loss of properties through environmental exposure.
Three key limitations of this brush study work are, however, that: (a) there was no concurrent mechanical wear applied to the carpets, similar to the action of studded boots; (b) there was no environmental ageing by ultraviolet light (UV) or the potential for natural ageing of the system (such as oxidation); (c) no replicate testing was carried out, which would have provided further confidence in the repeatability of the method applied here to simulate the wear and the associated errors of measurement and interpretation of damage. It could be hypothesized that, in a real carpet system in use for 10 or more years, the fibre properties may change (owing to the environmental and mechanical stresses mentioned above) and the fibres may become weaker and more brittle. In this scenario continued vigorous power brushing would be expected to produce more fibre damage than was observed in these controlled tests on new carpets in a laboratory environment. The brushing and vacuuming applied is designed to remove the bits of broken fibre, however, which is clearly helpful in avoiding build up of contamination that will gradually deteriorate the play and drainage properties. In practice, for manufacturers to obtain approval for their products, the durability of their synthetic carpet system is measured (indirectly) by the 'Lisport' wear test (which applies two studded rollers repeatedly along and across a test sample, see reference [1] ) whereby play performance tests are done before and after several thousand cycles of mechanical wear.
Other environmental tests such as accelerated UV exposure and temperature changes (e.g. for soccer see reference [1] ). However, these artificial surface tests do not replace the infill or groom the surface or brush the fibres, and so do not account for the potentially beneficial/or negative effects of maintenance in their procedures of accelerating wear and degradation.
CONCLUSIONS
This paper has reviewed current maintenance best practice from an industry seminar, wherein practitioners and researchers gave primarily anecdotal observations and some measured data to demonstrate reducing serviceability from poor maintenance. The work done on sand-based surfaces at Cranfield University collectively provides compelling evidence that the maintenance of artificial surfaces should be expected to be appropriately resourced and carried out regularly, ideally with some form of monitoring for play performance and contamination. The most basic monitoring which should be considered, however, is visual inspection by a suitably experienced person. One study in Holland supported general views that the expected long-term changes are that football pitches may be expected to harden with time and also become faster for ball roll. However, in contrast the rotational traction test data showed little change. A pattern of reduced maintenance leading to poorer performance was presented, although it was clear that more focussed research is required to provide more robust corroboration. Precisely how much the maintenance processes alleviate the observed changes in performance, and for how long the benefits last after specific processes (such as deep brushing), remain important further questions for research.
Monitoring hardness and traction more regularly than the proposed frameworks of governing bodies (such as every one or two years) using simple and portable apparatus appears to be warranted, and is considered relevant to ground staff and maintenance operators. It is worthy of further investigation on a site-specific basis, however.
The laboratory study presented of the effects of power brushing, and previous similar work [3] , suggests that maintenance-induced damage may be expected to be a relatively small contributor to the total damage caused by mechanical wear from users and environment-related ageing. The practical limitations of the laboratory study are not insignificant however. Repeat measurements of the brush testing on newly prepared samples is required to measure the test procedure errors and uncertainty more rigorously and also to strengthen the findings and arguments presented here. It is also clear that other factors could compound the observed wear and exacerbate it, such as fibres losing flexibility or deeper penetration of brushing. Further research should ideally incorporate testing to determine the repeatability (and reproducibility) of this simulation approach to brush-related wear. In addition, older worn samples should be sourced (from refurbishment projects) to evaluate the relative damage on aged samples. A similar study, but field-based, although challenging with regard to several control issues and isolating the effects of the brushing alone, would enable more confidence in the implementation of this laboratory study, which was limited to new samples in idealized conditions. Ó Author 2011
